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Abstract 
Weathering of clay-bearing sandstones does not only depend on material properties but also on the environmental 
conditions they are exposed to. The same is true for repaired stones, in which the compatibility of the repair mortar 
should be studied not only in terms of material properties, but also in terms of the climatic conditions it will be sub-
jected, in order to maximize this compatibility. This paper proposes a methodology to quantify the thermal and hygric 
stresses in clay-bearing sandstones and their repair, based on the measurement of temperature and relative humidity 
at the surface and at several depths in a repaired and a non-repaired stone, as well as wind-driven rain and absorbed 
water. This is illustrated by a case study in an historical building. The data are used to quantify the stresses in the mate-
rials and to propose possible degradation mechanisms.
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Background
The durability of materials is the result of a combination 
of inherent material properties and of the action of the 
environment they are exposed to. There is therefore an 
intrinsic site-specific nature to any question of durability 
and this is something that requires particular attention in 
cultural heritage owing to the high value of the objects 
under consideration. The proper selection of repair 
materials has thus always been a major concern for con-
servators and continues to motivate much research and 
debate.
Modern technologies for on-site monitoring offer the 
possibility to address this issue much more efficiently, 
by acquiring site-specific exposure conditions. Combin-
ing such measurements with a material science approach 
to durability, it becomes possible to select materials by 
quantitatively accounting for case specific conditions.
This work presents such a methodology for studying 
the durability of clay-bearing sandstones used in histori-
cal masonry and their repair by a mortar. We illustrate 
this with a case study of a Swiss church erected partly 
with sandstones and on which a specific repair mortar 
has been applied, for which questions about the material 
durability were to be examined.
Natural sandstone
The stone considered is a Swiss sandstone called molasse, 
mainly composed of quartz and feldspars cemented by 
calcite and clays [1–4]. The clays have been shown to be 
responsible for its large hygric and hydric swelling and to 
an increased softness in the wet state [5, 6].
When used as a building stone, the molasse sand-
stone shows alteration patterns ranging from sanding to 
spalling of scales of several centimetres [7] depending 
on the exposure conditions [8–11]. When present, these 
degradations are all the more problematic in that they 
develop rapidly and require frequent restorations (for 
instance, every 50  years for the Cathedral of Lausanne 
[12]). However, they affect the stone only superficially, 
making the use of a repair mortar an interesting alterna-
tive to a full replacement by a substitution stone, in order 
to save as much historical material as possible.
The scales, the deepest damage morphology affecting 
the molasse sandstone, are formed parallel to the outer 
surface and are independent of the stone bedding orien-
tation [6, 9, 13]. This is illustrated in Fig. 1a, with a core 
drill taken from the outer side of a wall of the church of 
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Notre-Dame de Vevey, Switzerland. The core shows a 
characteristic spalling crack parallel to the outer surface 
(2  cm deep in this case), but perpendicular to the bed-
ding, which is on the longitudinal axis.
A closer look at the fracture indicates that several 
cracks can form parallel to each other, but always in a 
narrow range of depths (few millimetres), that they prop-
agate parallel to the surface, and eventually coalesce. This 
suggests that the cracks can be initiated at several flaws 
in the stone and that the spalling is the result of several 
events that build up a stress large enough for the crack to 
propagate. That is depicted in Fig. 1d, e.
The scales are usually between 0.5 and 3 cm thick [13]. 
Underneath them one commonly finds a crumbling zone 
and flakes that can be dotted with efflorescences, as 
shown in Fig. 1b, c. However, the thickness of the scales 
varies between stones as a function of their exposure. 
This has been reported in particular by Zehnder [9].
This suggests that a combination of physical proper-
ties and environmental conditions causes the stress of a 
degradation process to reach critical levels only at a cer-
tain depth. Deeper within, the stone is however in good 
conditions.
Acrylic‑based repair mortar
When superficial alterations are observed, one option 
that a stone carver has to extend the lifetime of the his-
torical material is to use a plastic mortar. “Plastic” here 
refers to the initial workability of the mortar, and not 
necessarily to a polymer content. Such a material is used 
as a small patch to retain the original shape of the stone 
after carving away degraded material. It is an interesting 
option when the preservation of the original material is 
the priority since it prevents the full replacement of stone 
blocks [14].
Cement and lime-based mortars were often used as 
reprofiling materials for molasse sandstone. In some 
cases, these repairs were judged totally inadequate for 
two main reasons: the differential colour evolution and 
the non-retreatability of the mortar, the later being the 
most problematic. For instance, in the Catholic Church of 
Notre-Dame de Vevey, Switzerland, the mortar was fixed 
with steel wires and screws to the stone, to anticipate a 
lack of adhesion to the substrate. As a consequence, 
removing the mortar required breaking a large part of the 
underlying molasse sandstone, which led to the opposite 
of the desired function of a reprofiling mortar, namely 
the extension of the lifetime of the historical material.
In an attempt to overcome these problems, an acrylic-
based mortar was developed in the late seventies of the 
20th century at the Ecole Polytechnique Fédérale de 
Lausanne in Switzerland. It is based on an acrylic resin 
that acts as a binder for the stone grains. It was applied 
on the townhall of Lausanne at this period and more than 
30 years later the repairs are judged to be durable by the 
stone carvers. That is the reason why it has revived the 
interest of the practitioners and has been applied during 
the restoration of the church of Notre-Dame de Vevey in 
2009.
However, the natural stone and the repair mortar stud-
ied here have very different physical properties, that are 
reported in Table  1. The natural stone is an Ostermun-
digen Blue sandstone, and the repair mortar is made by 
mixing crushed Ostermundigen Blue sandstone with 
a dispersion of Plextol D512 (Synthomer Deutschland 
GmbH, Marl, Germany).
The mortar displays a similar hygric swelling as the 
stone, but a much larger hydric swelling when in contact 
Fig. 1 Spalling features in an altered molasse sandstone. a Core 
drilled out of an altered sandstone. Note the spalling crack parallel 
to the outer surface, at a depth of 2 cm, perpendicular to the bed-
ding made visible by the longitudinal crack (Notre-Dame de Vevey, 
Switzerland). b Spalling in the Cathedral of Lausanne, Switzerland. c 
Spalling in Coppet castle, Switzerland, south-east façade. d Fractures 
parallel to the stone surface (Notre-Dame de Vevey, Switzerland). e 
Close view at a fracture at the side of a buttress during a restoration 
campaign in the Cathedral of Lausanne. The length of the stone 
presented here is around 30 cm, and the fractures running parallel to 
the surface
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with liquid water, as shown in Fig.  2. However, their 
kinetics are very different: while the stone expands in few 
minutes when in contact with water, the mortar reaches 
the same value only after 3 h. A longer immersion would 
result in the mortar swelling four times more than the 
stone. This is shown in Fig. 3.
The thermal expansion coefficient of the mortar is also 
nearly three times higher.
A series of questions thus arise about possible incom-
patibilities between the neighbouring natural and artifi-
cial stones after restorations are completed. In particular, 
how the differential thermal, hydric and hygric properties 
affect the durability of the repair and, more importantly 
the state of the underlying stone have not yet been exam-
ined systematically.
The topic of compatibility between repair mortars and 
historic substrates has received great attention, and led 
to the definition of guidelines for successful repairs [15–
17]; however, they have mainly been defined considering 
mineral binders.
Due to the polymeric nature of the binder, the mor-
tar features marked viscoelastic properties associated 
with a low glass transition temperature of 20 °C. This has 
important consequences for the development of stresses 
in the repair.
The stresses that can develop in the natural stone and 
a repaired stone are evaluated according to the possi-
ble degradation mechanisms proposed in the following 
section.
Background on the mechanisms of degradation
Let’s first consider the case of a natural stone used in a 
masonry. When exposed to the action of the environ-
ment, whether mist, rain or warming by the sun, it may 
Table 1 Properties of the materials
The Ostermundigen Blue is a sandstone largely used in built heritage in 
Switzerland, and the repair mortar studied here is made by mixing the powder 
of this stone with an acrylic resin
a Taken from [18]
b Taken from [19]
c With E0 the instantaneous elastic modulus of the stone (2.03 MPa), t the time in 














Porosimetry (mercury intrusion porosimetry)
 Average pore radius 
(µm)
7.9 34.6
 Total porosity (%) 17.2 35.1
Hygric swelling at 95% 
RH ɛ95 (mm m−1)
0.43 0.49
Hydric swelling ɛs 
(mm m−1)
1.25 5.02
Thermal expansion α 
(10−6 K−1)
12.9 32.7
Poisson’s ratio ν (−) 0.2a 0.4b
Elastic modulus E (GPa)
 Wet 0.43 –
 Dry 1.87 2.03
Relaxation modulus





 Wet 0.3 –
 Dry 1.0 2.7
Fig. 2 Swelling of the natural and artificial stones. Measured by 
dilatometry after reaching the equilibrium in climatic chambers
Fig. 3 Kinetics of hydric swelling of the repair mortar and, in the 
inset, of the Ostermundigen Blue sandstone. Four days of immersion 
make the repair material swell up to 5 mm m−1. In the inset is shown 
the swelling of the Ostermundigen Blue sandstone. It reaches a value 
of 1.25 mm m−1 in only few minutes of immersion
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be submitted to large dimensional changes. Since mate-
rials act as a filter that buffers the fluctuations of these 
stimuli, their surface is prone to high dimensional 
changes while their core is exposed to less variations. The 
surface is thus restrained by the core, a situation known 
as “self-restraint”, and this leads to mechanical stresses at 
a depth and of a magnitude dictated by the environmen-
tal conditions.
Let’s imagine a stone in a masonry during a rain event. 
Before the rain, the stone is dry. The rain starts wetting 
the stone, forming a thin layer of wet stone that is pre-
vented from expanding by the thick layer of dry stone 
[5]. This situation is illustrated in Fig. 4a–c. If the stone 
is considered as a purely elastic material, and if the thick-
ness of the superficial layer is very small compared to the 
thickness of the core, the resulting stress created in the 





where Ewet and νwet are respectively the elastic modulus 
and the Poisson’s ratio of the wet stone, ɛs its free swelling 
strain and ɛRH the strain of the dry stone in equilibrium at 
a certain relative humidity. Here, σwet < 0 so the stress is 
compressive. This is expected to be a problem if the stress 
is larger than the compressive strength of the wet stone. 
However, if the stone contains pre-existing defects below 
the surface, buckling of the stone above the defect could 
happen at a stress lower than its compressive strength. 
This will be discussed later.
If the rain continues wetting the stone, the water is 
transported through it until the rain stops and the stone 
begins to dry. This will form a thin layer of dry stone 
restrained from shrinking by a large layer of wet stone, 
situation depicted in Fig. 4d–f. The stress created in this 





Fig. 4 Situations of wetting and drying in a stone, and analogy with a cooling in a repair. In a situation of wetting, the stone is originally dry (a) and 
its surface is wetted by a rain (b). It leads to a situation of self-restraint where the superficial layer is in compression (c). In a situation of drying, the 
stone is originally wet (d), and its surface dries out (e). The wet core restrains the dry surface from shrinking, causing tension in the superficial layer 
(f). Adapted from [5]. An analogy can be made in a stone repaired with a mortar. The stone and the repair are in equilibrium at a certain temperature 
(g), until the surface is cooled down. Due a mismatch between the coefficients of thermal expansion, the repair mortar tries to shrink (h), but since 
the two materials are sealed, the mortar is restrained by the stone (i) which leads to tension in the mortar
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where Edry and νdry are respectively the elastic modulus 
and the Poisson’s ratio of the dry stone. In this case, the 
stone is in tension. Since the stone is much weaker in 
tension than in compression, the drying event could be 
more damaging for the stone, as pointed out by Jiménez-
González et  al. [18] who calculated that this stress has 
the potential to overcome the tensile strength of the dry 
stone.
The situations of wetting and drying can be transposed 
in term of heating and cooling. Temperature variations 
at the surface of the stone create a gradient of tempera-
ture in the wall that can lead to the formation of stresses, 
acting at the boundaries of the grain minerals [21, 22]. 
For instance, if a thin region at the surface of the stone 
is cooled down while the inner part of the stone remains 
warm, the above-mentioned hygric equation can be 
transformed into the following:
where α is the coefficient of thermal expansion of the 
stone and ΔT is the temperature difference between the 
surface layer and the core of the stone.
The above-mentioned situations create stress by a 
mechanism of “self-restraint” because there exist, in the 
same material, two layers that try to adopt different states 
of strain.
The same analysis can be extrapolated to a reprofiled 
stone, which can be seen as a thick layer of stone covered 
by a thin layer of repair mortar, as depicted in Fig. 4g–i. 
In this case, the layer of repair material will try to adopt 
a strain but will be prevented from doing so by the thick 
underlying layer of original stone that will instead impose 
its strain and cause subsequent stresses in the repair. This 
is relevant considering the large expansion differences 
(thermal or hydric) between the repair mortar and the 
natural stone listed in Table 1.
The mortar considered in this paper is viscoelastic 
and thus possesses temperature and time-dependent 
mechanical properties. Consequently, the stresses that 
can arise in the mortar and the stone to be repaired are 
a complex problem depending on the following factors:
1. The dilatation coefficient of each material;
2. Their respective thicknesses;
3. Their respective elastic moduli;
4. The proximity of the temperature of the acrylic-based 
mortar to its glass transition (here, 20 °C), which gov-
erns its viscoelastic properties;
5. The complete history of the stimulus (seasonal and 
daily variations of the temperature and the RH);





For instance, due to the large thermal expansion mis-
match, temperature may a priori represent a non-negligi-
ble source of stresses in the repair. These thermal stresses 
have to be formulated by considering its viscoelastic prop-
erties. In the following equations, the subscript p (patch) 
is used to describe the repair mortar. The thermal stresses 
can be written:
where Ep is the instantaneous elastic modulus of the patch 
and νp the Poisson’s ratio of the patch, ψ0 the residual frac-
tion of the stress that does not relax, ɛf,p and ɛf,s the free 
strain of the patch and the stone, αs and αp are the coef-
ficients of thermal expansion of the stone and the patch.
s and p are the integrals that consider the difference 
of temperature between the two materials (as the mas-
sive wall responds more slowly to environmental changes 
than the thin patch) and are written:
and
where τ is the relaxation time and β an exponent 
(0 < β < 1).
The complete analysis leading to these equations can be 
found in [20].
Knowing the conditions of temperature and humidity 
is thus a prerequisite to obtain a more comprehensive 
understanding of the compatibility between the repair 
mortar and the historical stone, and of the processes 
leading to their degradation.
The next section describes the equipment used to 
acquire these data.
Methods
The approach proposed is illustrated with a measurement 
campaign that extended from July 2013 to September 
2015 in the church of Notre-Dame de Vevey, in Switzer-
land. This church underwent an extensive restoration 
campaign from 2009 to 2011 where part of the altered 
sandstones were repaired using the acrylic-based mortar, 
while others, in which the alterations were too large, were 
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possibility to study the conditions to which both repaired 
and non-repaired stones are exposed, and to quantify the 
frequency and the magnitude of the above-mentioned 
situations. In that process, two locations, shown in Fig. 5, 
were selected: the first in a buttress and the second in the 
tower of the church.
The measurement in the buttress was dedicated to the 
study of a repaired stone, and compared with a stone that 
was not repaired. In addition, wind-driven rain sensors 
were installed to quantify the amount of water absorbed 
by the two materials.
The tower of the church, unusually, is entirely built with 
molasse blocks of around 30 cm thick. It offers the possibil-
ity to study the sandstone alterations at four cardinal points.
These two locations were equipped with sensors of 
temperature (T) and relative humidity (RH). The avail-
ability on the market of robust and autonomous sen-
sors of small size makes it possible to develop relatively 
non-invasive instrumentation that measures at different 
depths in the material, and which can be abandoned in a 
wall for several weeks [23, 24].
The apparatus used in each case is described below. 
The data obtained and the expected stresses are ana-
lysed in “Results and discussion” section, using equations 
described in the previous section.
Measurements in the buttress
Monitoring the temperature and relative humidity
The measurement is subject to two constraints:
1. Finding a location where the sensors can physi-
cally be installed. This task is made challeng-
ing due to the large size of the rain sensors 
(26 cm × 26 cm × 26.7 cm),
2. Finding an appropriate exposure that might be par-
ticularly harsh for the stone.
The location that best satisfied these requirements was 
found on a buttress of an apse, approximately 6 m above 
the ground, where relatively large areas of stone were 
repaired using the acrylic-based mortar, as seen in Fig. 6. 
These repairs are actually larger than typical reprofiling 
patches.
The measurements were done on the molasse sand-
stone and on an adjacent block of the same stone repro-
filed with a layer of repair material. Figure  6 shows the 
proximity of the measurements, with the dimensions of 
the repair layer (12 cm width and 26 cm height for 2 cm 
thickness).
Two sets of sensors are used, one in the natural stone 
and one in the repaired stone. They measure T and RH 
at the surface and at different depths in the wall. They are 
detailed in Fig. 7.
To measure at different depths, several loggers are 
put together and separated by expanded polyvinyl chlo-
ride (PVC), a material with a low thermal conductiv-
ity (0.06  W  m−1  K−1 against 2.30  W  m−1  K−1 for the 
molasse). The loggers (grey discs) are shown in Fig.  7a. 
They are mounted together with the expanded PVC 
(white material). Each of the sensors is connected with 
thin wires to allow remote access, and the whole is pro-
tected in a polyolefin shrink-fit tube. The sensors are 
inserted in the wall and record the data at depths of 1.0, 
2.5, 4.0 and 6.7 cm. In the case of the repaired stone, they 
allow measurement in the repair mortar at 1 cm, and in 
the stone substrate at 2.5, 4.0 and 6.7 cm, as schematised 
in Fig. 6.
The sensor measuring T and RH in the air is positioned 
a few centimetres from the wall to record the direct envi-
ronment of the building. It is protected from the direct 
sun radiation by a white screen, as illustrated in Fig. 7c.
The sensors applied at the surface of the materials are 
encapsulated in expanded PVC, and the thermal contact 
is ensured by a metallic washer. To protect the volume of 
air limited by the washer from the intrusion of contami-
nants like salts, that could perturb the measurement of 
humidity, the washer is surrounded by a filter of polyte-
trafluoroethylene (PTFE). One of these sensors is shown 
in Fig. 7d.
The T and RH sensors are capacitive Hygrochron log-
gers (Maxim Integrated, San Jose, CA, USA) that func-
tion through the 1-Wire protocol. This allows having as 
many wires as sensors plus one for the ground, hence 
keeping as low as possible the physical impact of the 
measurement that could be deteriorated by water infiltra-
tion or thermal heating of the wires. Moreover, each sen-
sor being autonomous, the need for a central acquisition 
Fig. 5 Top view of the church of Notre-Dame de Vevey, Switzerland. 
The church is delimited by white lines, the two locations (buttress and 
tower) are displayed with their respective exposure
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system is avoided, thus reducing the invasive nature of 
the installation.
The sensors measure −20 > T (°C) > 85 with a resolu-
tion of 0.06  °C and an accuracy of 0.5  °C between −10 
and 65  °C, that exceeds the range observed during the 
campaign. The RH is measured from 0 to 90%, with an 
accuracy of 2% within 0 < T (C) < 50 °C that were mostly 
the conditions encountered during the campaign. Accu-
racy in the measurement of RH > 90% however decreases 
to 5%.
The measurement campaign in this location lasted 
from July 2013 to July 2014.
Monitoring the rain events
During a rain event, the rain driven to the stone by the 
wind can be either absorbed by the stone or run off its 
surface. Since water transport is of utmost importance 
in stone degradation, the behaviour of both artificial 
and natural stones during rain events must be quanti-
fied. To this end, the horizontal rainfall, the wind-driven 
rain and the run-off water are measured. The difference 
between the two last quantities gives the amount of water 
absorbed by the stone. The complete apparatus used for 
the measurements is visible in Fig. 6 and a close-up view 
is given in Fig. 8.
Fig. 6 View of the sensors in the repair of a sandstone in a buttress. The stone is exposed to the environment on two sides. The repair is equipped 
with frames for gathering the run-off water, which is used to quantify the absorbed water and the wind-driven rain, and sensors of temperature 
and relative humidity at the surface and at depths of 1.0, 2.5, 4.0 and 6.7 cm. The same sensors are used in a neighbouring stone that had not been 
repaired
Fig. 7 Sensors of temperature and RH. a The sensors (grey discs) are separated with PVC and connected with cables to allow remote access. b They 
are protected by a polyolefin shrink-fit tube. This setup was used to measure T and RH until a depth of 6.7 cm in the wall. c The sensor measuring 
in the air is protected from the direct sun by a white screen. d The sensor applied at the surface has a thermal contact through a metallic washer 
protected by PTFE
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Run-off water is measured through the collection of 
the water flowing over an area delimited by a frame 
(0.069  m2), at the surface of the natural and the artifi-
cial stone. The wind-driven rain is quantified using the 
same equipment, but the surface of the stone is covered 
by a fully non-absorbing material. The water is collected 
in glass bottles and weighed; the sampling rate is thus 
determined by the frequency of the weighing done by an 
operator. In a more recent project, this system has been 
updated with automated measuring devices, but was not 
available for this measurement campaign.
Measurements in the tower
The tower has the advantage of being free from the 
influence of the neighbouring buildings due to its 
height. Four sets of sensors were positioned at the sur-
face of the stone and at a depth of 4 cm from the sur-
face. One of them is shown in Fig. 9. The sensors at the 
surface were similar to the ones used in the buttress, 
while the sensors in- depth were capacitive Sensirion 
CMOS SHT15 sensors (Sensirion, Stäfa, Switzerland) 
measuring the temperature with an accuracy of ±0.3 °C 
and the RH with an accuracy of  ±2% in a range of 
10–90%, and ±4% above this. The sensors were installed 
in stones facing North–North–East, East–South–East, 
South–South–West and West–North–West, as they 
were the only set of stones that were reasonably eas-
ily accessible. The measurement in the tower covers a 




The measurement at four cardinal points in the tower 
exemplifies the very different thermal and hygric regimes 
to which the stones are exposed, and which lead to differ-
ent alteration patterns. Spalling of flakes is indeed gener-
ally found on the surfaces exposed both to the rain and to 
fast drying, while sanding appears preferentially in humid 
locations with slow drying [9].
The results obtained during a period of one year from 
July 2014 to July 20151 are summarized in Fig. 10, and the 
data on which this figure is based are reported as Addi-
tional file 1.
The apparent motion of the sun allows for a long heat-
ing of the stone during winter time in the southern and 
to a smaller extent in the eastern locations, but does not 
reach the western side. The latter is heated by the sun 
when spring comes. On the contrary, the sun never heats 
the northern location much, so there the temperature of 
the stone follows the temperature of the air. This has sev-
eral consequences in terms of temperature and RH in the 
stone.
Three exposures are clearly more prone to high daily 
temperature variations: the southern, the western and the 
eastern experienced daily temperature variations of more 
than 23 °C against 15 °C for the northern exposure. The 
same trend can be found for the yearly temperature vari-
ations, which are of only 30 °C for the northern exposure 
while around 38 °C for the others.
Concerning the RH, Fig.  10 shows the drastic differ-
ence that exists between the Southern and the Northern 
exposures: at a depth of 4 cm, the stone remains wet/very 
humid 92.6% of the time in the NNE while only 23.4% of 
the time in the SSW. The Northern exposure (NNE) is thus 
a very humid location with low temperature variations; the 
Southern exposure (SSW) is dryer and exposed to high 
temperature amplitudes. The Eastern (ESE) and Western 
(WNW) orientations are variations of the two previous 
ones, with the Western one characterized by a very humid/
wet stone (90.7% of the time) with high amplitudes of daily 
temperature variations, and the Eastern one sensibly dryer 
but also exposed to high temperature variations.
These differences re-emphasize the importance of the 
local monitoring to develop a more comprehensive view 
of the situations that may lead materials to fail or not at 
given sites.
The following sections aim at evaluating the stresses 
that arise from these variations of T and RH in the stone, 
measured at a particular location: the buttress, facing 
West–South–West.
Influence of the temperature
Temperature is a driving factor in stone weathering pro-
cesses such as salt crystallization and wetting/drying cycles. 
However, the question of whether it is a factor of degrada-
tion per se, apart from extreme events like frost or fire, is 
1 Except the months of August and September 2014 when the sensors were 
not recording.
Fig. 8 Rain event equipment. a The frame delimits the area where 
the water can be absorbed or not by the material. b Water not 
absorbed is conveyed by a gutter to glass containers
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still a subject of debate [25]. Here, we examine whether a 
large temperature difference throughout the wall might 
lead to damaging stresses via situations of self-restraint.
Fast heating and cooling take place at the stone surface, 
but the thermal properties of the stone buffer the tem-
perature variations and lead to temperature gradients 
throughout the wall. Figure  11 shows that in the first 
centimetre of the stone, the temperature gradient can be 
more than 5 times higher than at a depth of 2.5 cm.
The most extreme situation encountered during the 
measurement campaign is one of cooling presented in 
Fig.  12 which led to a temperature difference of 4.1  °C 
between the outer layer (0.5  cm) and the deepest point 
measured (6.7 cm). According to Eq. 3, this yields a ten-
sile stress of 0.1 MPa, namely 10% of the tensile strength 
of the sandstone (1 MPa). It thus precludes rapid failure 
in such thermal cycles.
Influence of the humidity
The humidity in the air and in the stone during the meas-
urement period is shown in Fig. 13.
This shows that the RH in the air is on average lower 
in spring and summer than in autumn and winter, but 
is still subject to high and fast variations throughout the 
Fig. 9 View of one set of sensors that were installed in the tower. The same sensors are installed on four sides of the tower
Fig. 10 Temperature and RH observations measured on the different exposures. Measured at a depth of 4 cm over a period from July, 25th 2014 to 
July, 25th 2015*. ESE stands for East–North–East, NNE for North–North–East, SSW for South–South–West and WNW for West–North–West
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whole year. The maximum RH was, as one can expect, 
100%, while the lowest value recorded was only 19.5% 
after a particularly dry week at the beginning of Septem-
ber 2013.
In the stone, the highest fluctuations of RH take place 
at the surface, when rain suddenly wets a previously dry 
stone. However, the RH below the surface varies much 
less and stays relatively high. Indeed, at a depth of 4 cm 
for instance, during the course of one year the humidity 
did not fall below 90%, while the mean humidity was 
99.8, and 90% of the time it remained at 100%.2
The RH in the stone is thus close or equal to 100% for 
a large part of the year. We reach here the limitation of 
the sensors that are dedicated to the measurement in the 
hygric regime, and suffer from a large inaccuracy (±5%) 
at high humidities. In other words when we measure 
100% RH, the stone may or not be fully saturated. Also, if 
not fully saturated its humidity could be between 95 and 
100% RH. Unfortunately, this is also the range in which 
the swelling increases exponentially as shown for our 
stones in Fig. 2, and with a higher accuracy in other clay-
bearing sandstones in [26].
As a result, swelling strains on site cannot be deter-
mined accurately in that range, and this must be taken 
into discussing damage mechanisms as those summa-
rized, and to evaluate their role in the degradation of the 
sandstone in this specific site. Four situations have been 
measured on-site and are described in Table  2; each of 
them is detailed below.
2 This period though does not include the months of February and May, due 
to technical issues.
Fig. 11 Temperature gradients observed in the natural stone 
throughout the year. Notice the large gradient in spring and summer 
in the first centimetre of the wall
Fig. 12 Highest difference of temperature in the natural stone that 
occurred on June 16th, 2014
Fig. 13 Relative humidity measurements in the natural sandstone
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Internal wet layer
Our measurement highlights a singularity at a depth of 
4.0 cm, the presence of an internal layer in the stone where 
the RH stays at 100% much longer. As shown in Fig. 14, this 
was the case for 90% of the time against 75% for the depths 
of 2.5 and 6.7 cm. This situation is depicted in Table 2a.
Consequently, there is a zone that can dry out towards the 
surface but also towards the inside of the stone, and remains 
wet longer. This has already been discussed by Snethlage 
and Wendler who presented modelling results in this sense 
[27]. To the best of our knowledge direct experimental 
measurements for this were not previously reported.
The presence of this wet zone is important as it might 
explain the weakening of the clay-bearing stone at a char-
acteristic depth. It could indeed lead to an enrichment 
of salts at this particular location. In this respect, it can 
be put in relation with measurements made by Zehnder 
on molasse sandstone. By investigating the deleterious 
effect of sulphur deposition in the stone, he found that 
in locations frequently exposed to rain the distribution 
Table 2 Scheme of the situations measured in the stone and the expected damage mechanisms they could induce
Note that the schemes represent the whole block, but only a depth until 6.7 cm has been investigated; the hygric state of the rest of the stone is extrapolated from the 
deepest measurement done
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of sulphur had a maximum between 2 and 5.5  cm, but 
sharply decreased below it [10].
The presence of a wet layer could thus favour stresses 
from salt crystallization or freezing to occur at a certain 
depth, and which may lead to the initiation of defects 
in the stone. However as scaling degradation is also 
observed in tropical climates [28], freezing cannot be 
advanced as a necessary condition.
Furthermore, the propagation of cracks from these 
defects and in this plane could be favoured due to the 
relatively smaller toughness of the wet stone compared to 
a drier one [29]. It would involve mechanisms that could 
lead to the propagation of fractures at a stress lower than 
the tensile or compressive strength of the stone and that 
are discussed below.
Wetting situation
The data of Fig.  13 indicate that the core of the stone 
remained at 100% RH more than half of the year, and that 
this tendency is more pronounced in depth. For the site 
considered, this implies that situations of surface wetting 
presented in Table 2, where the core of the stone is dry 
while the outer first centimetre is wet, happens rarely 
(0.05% of the time, on the close to 6000  h monitored). 
However, given the accuracy of the sensors in this range 
of RH, there may be situations where the outer layer is 
wet and fully saturated, while the core is only “very 
humid”.
The restrained swelling of the wet layer is the differ-
ence between the strain of the dry layer (the lowest RH 
recorded is 95%) and the free swelling strain of the sat-
urated stone. It amounts to 0.82 mm m−1. According to 
Eq. 1, it could lead to a maximum compressive stress in 
the wet layer of 0.44  MPa. This is much lower than the 
wet compressive strength expected for the Ostermundi-
gen Blue (~3.2 MPa, considering a factor 10 with respect 
to the dry strength of 32 MPa [30]).
However, compressive stresses could provoke the con-
centration of tensile or shear stresses at the tip of a pre-
existing crack, that would propagate fracture at much 
lower stress value. Wangler et al. [31] demonstrated that 
inhomogeneous wetting could lead to flaw growth, by 
creating bending moments due to local swelling, if the 
wet region is comparable in size to the flaw. That would 
ultimately lead to buckling as illustrated in Table 2. Typi-
cal buckling morphologies are however not commonly 
found in the church of Vevey.
Drying situation
A damage morphology observed more often in Vevey 
is shear delamination starting at the edges of the stone 
blocks. These are related to tensile rather than compres-
sive failure, and are most probably caused by drying.
The situation of surface drying, the second scheme in 
Table 2, appears to be common since the stone remains at 
RH = 100% a large part of the time. A drying event is here 
considered to occur when the humidity decreases below 
100% in the outer centimetre, while it remains at RH 100% 
at a depth of 2.5–6.7  cm. Such events were represented 
6.7% of the time monitored. Considering a RH at 0.5 cm 
of 68.3% (obtained by linear interpolation between the 
values of RH at the surface and 1 cm), leads to a restrained 
strain of 1.19  mm  m−1 in the superficial layer, and to a 
maximum tensile stress of 2.8 MPa. Owing to the inaccu-
racy of our sensors at high RH, the stone may not be fully 
expanded when 100% RH is measured. RH could be about 
95%, which would reduce the restrained strain to about a 
third and lead to a tensile stress of 1.0 MPa.
The stress calculated above is in the order of the ten-
sile strength of the stone (1 MPa), which suggests that it 
could get damaged during drying events. Two patterns 
could thus be expected to develop: a so-called “mud-
cracking” pattern due to desiccation cracks perpendicu-
lar to the surface, often seen in desiccating mud [32], 
Fig. 14 Frequency of occurrence of relative humidity of 100% at dif-
ferent depths in the wall. Note the higher frequency of high relative 
humidity at a depth of 4 cm. These frequencies have been calculated 
on 5799.5 h, thus on 241 days between July 2013 and July 2014, 
without considering October 2013, December 2013, February and 
May 2014 where the sensors were not recording
Page 13 of 17Demoulin et al. Herit Sci  (2016) 4:38 
and/or a peeling pattern that would lead to cracks par-
allel to the surface and eventually to the delamination of 
curled layers [33].
The mud-cracking pattern is usually not reported 
on-site in molasse sandstone, except in protruding ele-
ments that can become fully wet and fully expanded 
before drying. However, this is not seen on a façade. 
This could be due to the development of a moisture gra-
dient during drying, that would reduce the maximum 
stress.
However, it could also mean that delamination may 
prevail, in which the propagation of pre-existing cracks 
parallel to the surface would occur before the forma-
tion of perpendicular cracks. The tension in the dry 
layer is biaxial, so the greatest mode I stress would tend 
to open cracks perpendicular to the wet/dry boundary 
(mud cracks). Nevertheless, if there is a large horizontal 
flaw, it might grow instead parallel to the surface, even 
though it is only driven by mode II stresses. This is sche-
matized in Fig. 15a, b. Eventually, the crack would reach 
the edge of the stone, and drying stresses would create 
a bending moment that would tend to separate the thin 
layer from the substrate, and open a mode I crack, like 
in Fig. 15c.
This last step, referred to as peeling, would ultimately 
lead to spalling of concave layers. This can be observed 
in drying muds and had been studied by Style et al. [33].
This morphology corresponds to the one sometimes 
seen in molasse sandstone, a concave plate shown in 




In the repair, the temperatures that matter the most are 
those measured in the mortar and in the stone below 
it, since they govern the strains and stresses that can 
develop in these materials. Consequently, in Fig.  16 we 
only report the temperatures measured in the mortar at 
a depth of 1.0 cm (b) and in the natural stone it covers at 
2.5 cm (c) in addition to the air temperature (a).
The seasonal variations occurring throughout 1 year 
inform about the minimum and maximum service tem-
perature to which the materials are confronted, and thus 
to their minimum and maximum strain, through the fol-
lowing formula:
where ɛ is the strain, α is the coefficient of thermal expan-
sion and ΔT the temperature variation.
From the data of Fig. 16, temperature at the surface of 
the repair material varied from −2 to 43.1 °C. This could 
induce an overall dimensional change of 1.46  mm  m−1. 
In the stone below the repair layer, temperature varied 
from −0.9 to 39.7  °C, leading to a dimensional change 
of 0.52 mm m−1. The repair layer is thus subjected to a 
higher temperature variation, and moreover, having a 
higher coefficient of thermal expansion, seeks to achieve 
a higher dimensional change.
The daily temperature variations can lead to large tem-
perature differences between the repair material and the 
underlying natural stone over a much shorter period 
of time. The associated daily temperature amplitudes 
(7)ε = α�T
Fig. 15 Mechanism proposed for the spalling process in a drying stone. a Pre-existence of a flaw at a certain depth. b The drying front reaches the 
flaw. Drying stresses (P) provoke a propagation of the fracture by mode II. c Delamination reaches the edge and leads to a curled superficial layer 
(“peeling”)
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presented in Fig.  16d, e show that the highest variation 
was 19.5 °C in the repair and 17.8 °C in the natural stone.
The cooling and heating rates presented in Fig.  16f, g 
indicate that one of the highest heating rates in the repair 
layer was of 20.5  °C/h, while it was only 9.3  °C/h in the 
stone below it.
Owing to the viscoelasticity of the mortar, the stresses 
in the repair are a function of the temperature, but also of 
the history of seasonal and daily variations, as well as the 
rate at which these variations occur.
The stresses can be computed by considering all 
these parameters. A detailed analysis, that goes beyond 
the scope of this article, has been done in [20]. It 
shows that the magnitude of the thermal stresses alone 
are very small for both the repair layer and the natu-
ral stone, mainly due to the viscoelasticity of the repair 
material. Indeed, since its glass transition temperature 
is 20 °C, all the stresses that are created above this tem-
perature are relaxed rapidly. As a consequence, and in 
contrast to what one might intuitively think, the high-
est thermal stresses are not created during summer 
but during the winter season. Geographical locations 
reaching particularly low temperatures are most at risk 
because the viscoelastic relaxation is much slower, but 
even in those cases damaging stresses are not expected 
[34].
Wind‑driven rain and absorbed water
Despite the small distance between the frames collect-
ing the wind-driven rain, the particular location of the 
measurement on a buttress close to the apse favours wind 
turbulences and provokes different rain exposures. In 
an attempt to quantify this difference, a non-absorbing 
material has been positioned to measure the wind-driven 
rain at the three locations during six rain events, from 
October 2nd to 28th, 2013. Compared to the fully non-
absorbing material, the natural stone received 1.62 ± 0.35 
times more and the artificial stone 1.21  ±  0.15 times 
more water during these rain events. These proportion-
ality factors are used in the calculations that led to the 
results discussed below.
During the studied period, 3.6% of the rain was driven 
by the wind towards our wall (14.8 kg/m2 of 407.9 kg/m2 
that fell on the ground during 14 distinct rain events). Of 
this amount, 41.8% was absorbed by the natural stone, 
while only 2.4% was absorbed by the artificial stone. The 
artificial stone thus absorbs on average 17 times less water 
than the natural one, despite its much higher porosity 
(35% against 17% for the Ostermundigen molasse). This 
is explained by the low affinity of water for the acrylic 
polymer. The results are summarized in Fig. 17. As a con-
sequence, a large part of the rainwater driven by wind 
towards the artificial stone is not absorbed. It just runs 
off and is re-distributed down the wall. It should however 
be noted that the areas covered by the artificial stones are 
mostly very small compared to the surfaces of the natural 
Fig. 16 Temperature in the repair. The dark grey colour symbolizes 
the measurement in the repair mortar and the light grey in the stone 
substrate underneath. Temperature in the (a) air, (b) repair mortar and 
(c) stone it covers. d Amplitude of daily temperature variations in the 
mortar and (e) amplitude of daily temperature variations in the stone. 
f Cooling/heating rate in the mortar and (g) in the stone
Fig. 17 Quantity of water absorbed by the repair mortar and the 
natural stone, measured on 14 rain events. Note the break in the 
y-axis. The repair mortar absorbs 17 times less water than the natural 
stone, hence its hydrophobicity
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stone, and that not all their run-off water will be immedi-
ately absorbed by the natural stone below them. In fact, 
its redistribution will depend on the precipitation char-
acteristics (rain intensity, wind) and on the respective 
surfaces of the natural and the artificial stones as well as 
their locations.
RH in the repair
The data of RH in the air, in the repair mortar and in 
the underlying stone at a depth of 2.5  cm are shown in 
Fig. 18. The data of RH at the other depths are reported 
in the Additional file 1.
Firstly, one can see that despite the low water absorp-
tion of the repair material, the RH of the mortar stayed 
at 100% during the winter months, and varied much less 
than the RH in the air, from 49.2 to 100%, with a maxi-
mum daily amplitude of 42%.
Secondly, in the stone below the repair mortar, the RH 
remained relatively constant and high, not going below 
87.4% at a depth of 2.5  cm. Actually, from October to 
April, thus a period including autumn and winter, the RH 
remained at 100%. This tendency is amplified deeper in 
the stone. That is also the case in the non-repaired stone 
(“Influence of the humidity” section).
According to the measurement of hygric and hydric 
swelling reported in Fig.  2, over the course of one year, 
the stone at the interface with the repair layer could theo-
retically undergo a dimensional change of 1.25 mm m−1 
which is more than two times the strain due to the tem-
perature effect. The repair layer could experience a 
dimensional change of around 5  mm  m−1. However, as 
extreme as this may seem, the time-dependency of the 
physical properties of the mortar should be considered in 
the calculation of the hydric stresses, in a similar way as 
what has been done concerning the thermal stresses, or 
as in [35].
The hydric problem is nevertheless more complex 
owing to technical limitations of the measurement of 
liquid water by the sensors. Indeed, as previously men-
tioned, the measurement of RH does not give indications 
on the actual saturation degree of the materials by liquid 
water. Therefore, an extrapolation of a RH value of 100% 
to a strain value is problematic. The implementation of 
sensors based on impedance measurement and deployed 
on-site in the near future is expected to give a more 
appropriate answer to this question. 
Apart form this issue, the swelling kinetics of the repair 
mortar is extremely different from that of the natural 
stone. As reported in Fig. 3 the natural stone swells in few 
minutes, while the repair material needs 3 h to reach the 
same value, and 4 days to reach a value of 5 mm m−1.
This implies that a mismatch of swelling strain between 
the repair material and the stone will not be immediate, 
and the stresses induced can be lowered by the time-
dependent mechanical properties of the mortar. Indeed, 
the stress relaxation that acts against the development of 
high thermal stresses in the mortar will also decrease the 
hydric stresses. Additionally, the repair mortar softens 
drastically when saturated with water, which will also 
seriously limit the development of stresses. Therefore, 
despite the uncertainty in the evaluation of the swelling 
strain mismatch, it is not expected to lead to any serious 
durability issues by mechanical means.
Conclusions
In the context of built heritage, measurements of tem-
perature, relative humidity and rain events are precious 
pieces of information to characterize a specific environ-
ment and connect it to the observed damage morpholo-
gies. The same holds true for repaired stones, in which 
the repair material should be studied not only in term of 
material properties, but also in term of the climatic con-
ditions to which it will be exposed, in order to maximize 
its compatibility.
Measurements were carried out in the natural stone 
and aimed at gathering information about the occur-
rence and the consequences of wetting and drying cycles, 
as well as heating and cooling events. From these meas-
urements we mostly focussed on identifying the most 
extreme conditions observed to evaluate the maximum 
stresses that the stone may be exposed to.
The temperature variations due to the radiative heat-
ing by the sun primarily affect the first centimetre of 
the stone and lead to stresses of up to 1/10 the tensile 
strength of the stone, and are thus not expected to cause 
damage.
The relative humidity sensors show a high hygric 
content throughout the year inside the molasse sand-
stone. Since they only measure in the hygric regime, 
Fig. 18 RH in the repair. a RH in the air, b RH in the repair mortar and 
c RH in the stone
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and furthermore have a large inaccuracy at high RH, it 
is not possible to quantify the saturation degree and the 
associated swelling strain. The deployment of additional 
sensors, possibly based on impedance measurements, 
therefore represents an important objective for future 
research.
The humidity sensors used in this study could never-
theless reveal the presence of a layer of higher moisture 
content at a depth of 4  cm. Even though the presence 
of such a zone had been suspected [27], it is the first 
time, to the authors’ knowledge, that it is experimen-
tally reported. This layer could favour the presence of 
salts, localising salt crystallization at some depth below 
the surface and creating flaws in the stone. It is also a 
location where the stone would have substantially lower 
mechanical strength and toughness [29], and would thus 
be more exposed to damage.
Moreover, this high humidity level in the stone sug-
gests that condensation is likely to occur locally within 
the stone, driven by temperature gradients that could 
favour vapour transfer towards the interior of the wall. 
This would impede the formation of large compressive 
stresses due to wetting events, which is further supported 
by the absence of damage morphologies characteristic of 
compressive stresses such as buckling.
A more common damage pattern is sanding and 
delamination starting from the edges of the stone blocks, 
and often leading to these edges having to be repaired. 
This observation points to a risk of tensile failure, and 
thus to drying stresses; a situation that the RH measure-
ments indicate as frequent. More specifically, as drying 
proceeds, the depth of the drying front increases as does 
the depth at which pre-existing flaws parallel to the sur-
face may be propagated to cause the type of delamination 
damage observed. Fast drying would exacerbate the risk 
posed by such situations. This explains why locations fac-
ing West are more prone to this damage, since we found 
that the core of the stone may remain wet for a long time 
over the course of the year, and that they are also sub-
jected to warm temperatures.
A potential damage mechanism that ultimately leads 
to the delamination of concave plates (“peeling”) is pro-
posed. This pattern is visible in various locations on the 
church where the measurements were made, but also in 
other buildings made of this kind of stone.
Concerning the repair, the measurements provide the 
necessary inputs to evaluate the magnitude of the ther-
mal stresses in the stone substrate and the repair mortar. 
The high temperature expansion mismatch could make 
one think that thermal stresses are a real threat to the 
type of repair considered. However, the temperatures 
measured show that the mortar, thanks to its viscoelas-
tic characteristic, relieves most of the thermal stresses. 
Somewhat counter-intuitively, the worst situations are in 
winter, because that is when the viscoelastic relaxation is 
the slowest [20].
The mechanical stresses linked to hygric/hydric dilata-
tion constitute a more complex problem related to the 
difficulty of measuring quantitatively the water content. 
However, stress relaxation and substantial softening of 
the mortar upon wetting suggest that this will probably 
not lead to a critical issue for durability.
Eventually, the approach presented in this paper illus-
trates, for a specific monument, how the measurements 
needed to establish the basis for predicting the advent 
of such alterations may be developed. This also provides 
new insights into the reason for the specific scaling type 
of alteration pattern that is observed on clay-bearing 
stones throughout a rather broad range of climates.
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